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Silver nanoparticles are well-established antibacterial 
agents. However, an effective design and formulation 
that ensures: (i) ease of synthesis and fabrication, (ii) 
amenability to deployment over large surfaces of vari-
able shape, (iii) high efficacy and (iv) multiple reuses 
with the possibility of periodic monitoring, is yet to 
emerge. A nanocomposite thin film of poly(vinyl alco-
hol) with silver nanoparticles generated within, 
through a soft-chemical in situ synthesis, is shown to 
be a good candidate to fulfil most of the above require-
ments. Efficient antibacterial activity, multiple reuses 
and facile monitoring of the film through spectroscopy 
and microscopy are demonstrated. Preliminary stud-
ies demonstrate the effective bactericidal action of the 
thin film coating on stirring rods. 
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Introduction 
SERIOUS concerns have been raised about the efficacy of 
synthetic antibiotics as the action of many are limited to 
specific targets and several bacteria have developed anti-
biotic resistance1. The bactericidal effect of noble-metal 
nanoparticles has attracted considerable attention in this 
context. Significant advantages of metal nanoparticles in-
clude the ease of fabrication and incorporation in differ-
ent matrices, tunability of characteristics, possibility of 
functionalization and targeted delivery2. Bactericidal  
efficiency of gold and copper nanoparticles has been 
demonstrated3–7. Nano silver is perhaps the most exten-
sively studied because of the low cost, ease of preparation 
of stable formulations, and activity against a wide spec-
trum of prokaryotes while being relatively harmless to 
eukaryotes; it may be noted though that its cytotoxicity 
and genotoxicity in human cells have been discussed8. 
Antibacterial efficacy of silver and its salts has been 
known for a long time9,10. In recent years, there has been 
extensive research on the use of nanometric silver parti-
cles as antibacterial agents11. Silver nanoparticles have 
been deployed in a wide variety of matrices and formula-
tions, for example, as composites12–16, colloids17–22,  
fibres23–25, gels26,27, coatings1,28–30, membranes31 and thin 
films32–37. Both extracellular and intracellular mecha-
nisms have been proposed to explain the antibacterial  
action of silver nanoparticles38–42. 
 Efficient design of a bactericidal agent based on silver 
nanoparticles should ensure low cost of fabrication and 
high efficacy. An agent which is easy to deploy and ame-
nable to efficient multiple reuse will be highly valuable in 
this regard; the feasibility of monitoring the agent 
through the multiple use cycles is advantageous from the 
point of view of design and optimization. Possibility of 
fabricating the bactericidal coating over large-area  
surfaces of varying shape would be an added benefit.  
Review of the extensive literature in the area of silver 
nanoparticle-based bactericides indicates that these fun-
damentally important aspects are rarely met in a single 
design. Polymer–metal nanocomposite thin films are of 
special interest in this context, as they facilitate efficient 
immobilization of the nanoparticles in the polymer  
matrix, and are amenable to coating on surfaces of varying 
shapes and sizes, extensive reuse and monitoring through 
successive action cycles. In situ generation of metal 
nanoparticles within polymer films is a particularly effi-
cient approach to such nanocomposite thin films43. The 
simple in situ technique which we have developed ear-
lier44 for the fabrication of silver nanoparticle-embedded 
poly(vinyl alcohol) (Ag-PVA) thin film involves an envi-
ronmentally benign fabrication protocol and provides 
free-standing films. The highlights of the method include 
the use of aqueous medium for the fabrication process, 
deployment of the bio-compatible and bio-degradable 
polymer itself as the reducing agent, and soft-chemical 
synthesis involving mild thermal annealing used to gene-
rate the metal nanoparticles in situ inside the polymer 
matrix which serves as the stabilizer as well. Utility of 
these nanocomposite thin films in a wide range of areas, 
including optical limiting44,45, microwave absorption46, 
random lasers47, e-beam lithography48, non-volatile 
memory devices49, catalysis50 and sensing51 has been 
demonstrated; significance of multiple reuse has been  
especially demonstrated in the catalytic application. 
 Among the several avenues where bactericides find 
utility, purification of drinking water is one of the most 
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critical and important. The antibacterial agent used 
should be non-toxic to humans at the concentrations  
being used, effective against a wide spectrum of patho-
gens, and cheap and easy to fabricate. One of the efficient 
and convenient ways to deploy the agent in a domestic 
setting would be as a coating on stirring devices. The 
methodology we have developed for the fabrication of 
silver nanoparticle-embedded polymer thin film meets 
most of these demands. Experiments on Escherichia coli 
establish that Ag-PVA film can be used efficiently and 
repeatedly, allowing monitoring of the film by spectros-
copy and microscopy between uses. The minimum inhibi-
tory and minimum bactericidal concentrations (MIC and 
MBC) in terms of the weight of silver nanoparticles in the 
PVA film used to treat unit volume of the E. coli bacte-
rial medium are found to be 4.5 and 6.5 μg/ml respec-
tively. These values are appreciably lower than most of 
the values reported earlier27,39,52–58. It may also be noted 
that the bacterial concentrations used in many of these 
reports are lower than those used in the present study. 
Experimental 
Fabrication of Ag-PVA film 
The Ag-PVA film was fabricated following the general 
procedure developed earlier43,44. Aqueous solutions of 
silver nitrate (22 mg in 0.5 ml) and PVA (70 mg in 1 ml) 
were mixed to yield an Ag/PVA weight ratio of ~ 0.20. 
Millipore MilliQ purified water was used in all opera-
tions. The AgNO3-PVA solution was either spin-coated 
on quartz plates (at 500 rpm for 10 s followed by 
1000 rpm for 10 s, using a Laurell Technologies Corpora-
tion model WS-400B-6NPP/LITE/8K photoresist spin-
ner), or dip-coated on glass rods. The coated film was 
subjected to thermal annealing at 130°C for 1 h, where-
upon the nanoparticles were generated within the film. 
The Ag-PVA film coated on quartz plate was character-
ized by its surface plasmon resonance (SPR) spectrum 
(recorded on a Varian model Cary 100 UV-Visible spec-
trometer), and the film thickness was measured using a 
profilometer (Ambios Technology XP-1). The film mor-
phology was examined using an NT-MDT model Solver 
Pro M atomic force microscope (AFM) in non-contact 
mode using a cantilever with force constant of 12 N/m. 
The exact silver content in the film was estimated using 
inductively coupled plasma-optical emission spectros-
copy (ICP-OES); a Varian model Liberty Series ICP-OES 
was used. Film samples for transmission electron micro-
scope (TEM) imaging were prepared as follows. The sub-
strate was prepared by first spin-coating a few drops of a 
solution of polystyrene (PS, average molecular weight 
(Mw) = 280 kDa) in toluene (1 g in 8 ml) on a glass plate 
at 1000 rpm for 10 s, followed by drying in a hot-air oven 
at 85–90°C for 20 min. The AgNO3-PVA solution was 
spin-coated on top of the PS layer (at 8000 rpm for 10 s 
to obtain a very thin film) and subsequently heated. The 
film was then cut and peeled off the glass and placed on a 
200 mesh TEM copper grid and dipped in toluene, 
whereupon the PS alone dissolved out. Imaging was  
carried out using a Tecnai G2 FEI F12 TEM at an accel-
erating voltage of 200 kV. 
 As the antibacterial studies are conducted in aqueous 
medium, choice of PVA in terms of its Mw and the extent 
of hydrolysis (% hydrolysis) is critical, since these pa-
rameters influence its solubility and swelling in water. 
PVAs with ≥ 98% hydrolysis were chosen because of 
their limited solubility and appreciable swelling in water. 
Because of the low solubility at room temperature, the 
aqueous solutions of PVA for fabricating the film had to 
be prepared in water at 60–70°C, and then cooled to  
ambient temperature to yield a viscous but homogeneous 
solution; this was mixed with the AgNO3 solution. It may 
be noted that the thermal treatment of the AgNO3-PVA 
film makes the final Ag-PVA film completely insoluble 
in water. We have carried out preliminary experiments 
with Ag-PVA thin films prepared using three types of 
commercially available (Aldrich) PVA with Mw and per-
centage hydrolysis values, 16 kDa and 98, 31–50 kDa and 
98–99, and 85–146 kDa and 99+ respectively. Based on 
the strongest and quickest bactericidal effects observed, 
the last polymer (85–146 kDa, 99+) was chosen for all 
the experiments discussed below. 
Antibacterial action of the Ag-PVA film 
Antibacterial action of Ag-PVA on E. coli (NCIM No. 
2931, ATCC No. 25922) was examined; control experi-
ments were conducted in all cases. Test tubes and Milli Q 
water used in the experiment were autoclaved and the 
tubes were opened under sterilized conditions in a lami-
nar flow system. The bacterial culture was prepared by 
adding 2 μl glycerol stock of the E. coli to 2 ml of Luria–
Bertani (LB) broth and incubating at 37°C in a shaker op-
erated at 120 rpm for 12 h. LB broth and ultra pure water 
(inoculated with known concentrations of E. coli) as well 
as ordinary tap water were studied. The pH of the various 
media used were in the range 6.8–7.4. Experiments on 
antibacterial action of Ag-PVA involved shaking the test 
sample with the film coated on a 6 cm2 quartz plate at a 
specified temperature for a specified time period. MIC is 
the lowest concentration of an antibacterial agent re-
quired to inhibit the visible growth of a microorganism 
after overnight incubation, and MBC is the lowest con-
centration of the agent that will prevent the growth of the 
organism after subculture on a bactericide-free medium59. 
Ag-PVA films of different areas coated on a 6 cm2 quartz 
plate were used in the studies for determining the MIC 
and MBC values. In the experiments on ordinary tap  
water, the test sample at ambient temperature was stirred 
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using a glass rod coated with Ag-PVA for a specified 
time period. All test samples were analysed for the bacte-
rial content or growth by either monitoring the optical 
density at 600 nm or plating on an LB agar plate, incubat-
ing under specified conditions and counting the bacterial 
colonies produced. Details of the experiments, including 
the conditions employed in each case are provided at the 
appropriate points in the following section. 
Results and discussion 
Silver nanoparticles in the Ag-PVA thin film which act as 
the bactericidal agent are formed through a simple in situ 
soft-chemical synthesis, wherein the precursor silver ions 
from AgNO3 are reduced by the hydroxy groups of the 
PVA macromolecule (Scheme 1). The process involved is 
an example of chemistry carried out inside a solid poly-
mer matrix, rather than in solution in a beaker. Due to the 
low concentration of silver ions and limited diffusion of 
ions and atoms inside the polymer film, the silver atoms 
formed by reduction aggregate to form silver nanoparti-
cles. The inherent antibacterial efficacy of silver aug-
mented by the large surface-to-volume ratio of the 
nanoparticles leads to the potent bactericidal action of the 
Ag-PVA nanocomposite thin film. 
Characterization of the Ag-PVA film 
Basic characterization of the spin-coated Ag-PVA film is 
shown in Figure 1. The electronic spectrum shows the 
well-defined SPR extinction peak due to the silver 
nanoparticles at 418 nm. The film has an average thick-
ness of 0.75 μm. The AFM image shows the homogene-
ous, smooth structure of the film surface; the average 
roughness is found to be 1.2 nm. ICP–OES analysis 
shows the silver content in a 6 cm2 film to be 108 μg, in 
good agreement with the average value of 112 μg  
expected based on the Ag/PVA weight ratio in the film. 
The TEM image reveals the silver nanoparticles present 
in the film with sizes in the range 7–9 nm, distributed 
uniformly throughout the film. The Ag/PVA weight ratio 
of 0.2 implies that only about 4% of the alcohol groups in 
the PVA film are oxidized when all the silver ions are re-
duced. As the chemical modification is relatively minor, 
the polymer characteristics of PVA are hardly affected; 
this is evident in the good thermal and photo stability 
displayed by these films. 
 
 
 
 
Scheme 1. 
Minimum inhibitory concentration and minimum  
bactericidal concentration 
MIC and MBC are usually determined by examining the 
growth of bacteria in samples treated with different con-
centrations of the bactericidal agent prepared through  
serial dilution. Since the present bactericidal agent is a 
thin film, samples with different areas and hence Ag 
nanoparticle content serve this purpose. The 0.75 μm 
thick Ag-PVA films with areas in the range 1.5–6.0 cm2 
(Ag content = 27–108 μg) coated on quartz plates of 
equal size (6.0 cm2) were immersed in samples of 15 ml 
LB broth inoculated with ~ 107–108 CFU of E. coli. These 
were shaken for 30 min at 37°C and the plate removed 
immediately thereafter. The bacterial growth was moni-
tored by measuring the optical density at 600 nm at regu-
lar time intervals for up to 12 h. Control experiments 
were conducted with E. coli samples not treated with Ag-
PVA film, as well as one in which a pure PVA film (area 
6.0 cm2) coated on quartz plate was introduced. The ob-
servations are presented in Figure 2. Normal bacterial 
growth is observed in both the control experiments. Ag-
PVA film with the smallest area of 1.5 cm2 shows partial 
inhibition of bacterial growth, proving clearly the effect 
of the silver nanoparticles present. Ag-PVA film with 
area ≥ 3.8 cm2 is found to suppress the bacterial growth 
effectively for up to 12 h or more. This corresponds to 
the MIC value of this bactericidal agent; in terms of the 
silver concentration, the MIC works out to be 4.5 μg/ml. 
 In order to examine the MBC, 1 ml each of the samples 
treated with Ag-PVA film of area 3.0 cm2 or higher in the 
previous experiment, was diluted a million times through 
serial dilution, and 100 μl of the final diluted solution 
was spread on LB agar plates and incubated for 12 h at 
37°C. Examination of the plates under a microscope 
showed that there was no growth of bacteria in the case 
of samples treated with Ag-PVA films ≥ 5.3 cm2 in area. 
This value thus signifies the MBC; the corresponding silver 
concentration is 6.5 μg/ml. We have examined the reus-
ability of the Ag-PVA film by repeating the experiment 
with a 6.0 cm2 film. Observations made up to 8 h shown 
in Figure 3, indicate that the film can be used twice but 
the inhibition does not last for 8 h in the third use. Spec-
troscopy and microscopy of the used film indicate signs 
of silver nanoparticle aggregation and morphology changes 
in the film. It appears that the nutrient medium present in 
this experiment and the interaction with the bacteria  
affect adversely, the thin film as well as the silver 
nanoparticles, precluding multiple reuses. This situation 
may be contrasted with that observed with pure water 
samples in the next experiment. 
Bacteria introduced in ultra pure water 
In the previous experiment, we have used very large con-
centrations of bacteria, which are typically much higher
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Figure 1. a, Surface plasmon resonance (SPR) extinction spectrum, b, Atomic force microscope (AFM) topography image (5 μm × 5 μm) and  
c, Transmission electron microscope (TEM) image (scale bar = 10 nm) of the silver nanoparticle-embedded poly(vinyl alcohol) (Ag-PVA) film. 
 
 
 
 
Figure 2. Bacterial growth reflected in the increase in optical density 
(at 600 nm) of the Escherichia coli suspension (in Luria-Bertani (LB) 
broth) with time; controls with no film and pure PVA film, and samples 
treated with Ag-PVA film having different areas and hence silver con-
tent are shown. 
 
 
Figure 3. Bacterial growth reflected in the increase in optical density 
(at 600 nm) of the E. coli suspension (in LB broth) with time; samples 
treated with Ag-PVA film (area = 6.0 cm2) in multiple uses 1–3 are 
shown. 
 
than that encountered in potable water. In spite of this, 
we have observed the effective bactericidal action of Ag-
PVA films. We have considered slightly lower concentra-
tion of bacteria introduced in ultra pure water with no 
added nutrients; the time of treatment with Ag-PVA was 
also reduced. Approximately 105 CFU of E. coli was  
inoculated in 15 ml of water (Millipore Milli Q). Ag-PVA 
film coated on a 6 cm2 quartz plate was immersed in this 
and shaken at 37°C for 15 min. After removing the film 
and washing it, the test was repeated using the same film 
in a new sample of bacteria-containing water; this was 
repeated altogether 19 times. Following each treatment, 
200 μl of the treated water sample was spread on an LB 
agar plate and incubated for 12 h at 37°C. The bacterial 
colonies formed were observed under a microscope. 
Whereas the control sample of water showed ~ 2500 CFU/ml, 
not a single colony was detected in the experimental 
samples from up to the 20th use of the Ag-PVA film 
(Figure 4). Electronic spectrum of the film was monitored 
through the repeated experiments; selected spectra of the 
films up to 20 uses are shown in Figure 5. Even though 
there is a gradual decline in the SPR extinction, the de-
crease even after 20 uses is only ~ 13%; there is hardly 
any sign of particle aggregation. AFM images of the film 
surface show that the film remains intact through the 
multiple uses (Figure 6). These observations show that 
the Ag-PVA film is affected little under the conditions of 
this experiment through multiple cycles. Even with the 
fairly high bacterial concentrations, Ag-PVA film is ef-
fective as a reusable antibacterial agent for water purifi-
cation. Based on the silver content in the initial Ag-PVA 
film and the extent of loss through the multiple uses as 
seen from the SPR spectra, the total amount of silver 
leached out into 300 ml (20 batches of 15 ml each) water 
can be estimated to be ~ 14 μg. Hence the maximum sil-
ver concentration in the treated water is ~ 0.05 μg/ml,  
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Figure 4. Photographs of petri plates (after 12 h incubation) spread with ultra pure water samples inoculated 
with 105 CFU E. coli. Control (C) and samples treated for 15 min with the same Ag-PVA film in multiple uses are 
shown; the number of uses is indicated. 
 
 
 
 
Figure 5. SPR extinction spectra of the same Ag-PVA film before 
and after multiple uses for 15 min each in ultra pure water inoculated 
with 105 CFU of E. coli. (Inset) Variation of the normalized integrated 
intensity of the SPR peak. 
 
 
which is well below the upper limit of 100 ppb (0.1 μg/ml) 
allowed in drinking water58. The Ag-PVA film is particu-
larly interesting for bactericidal application in view of the 
low extent of leaching and the low MIC/MBC values  
realized concomitantly. 
Bacteria in ordinary tap water 
Ordinary tap water (possibly containing a range of non-
pathogenic and pathogenic bacteria) was treated by stir-
ring with Ag-PVA-coated glass rods for 5 min at 27–
30°C. With 15 ml fresh samples of water, the process was 
repeated 21 times using the same Ag-PVA-coated rod. As 
in the previous experiment, the water was analysed for 
bacterial growth upon incubation for 12 h at 37°C. Whereas 
the control showed a bacterial count of ~ 250 CFU/ml, 
the 5-min-treated ones showed considerable reduction; 
even the sample subjected to the 20th reuse of the same 
rod showed ≤ 30 CFU/ml (Figure 7 a). Similar reduction 
of bacterial concentration was observed in the case of a 
single treatment of ~ 200–250 ml water (Figure 7 b).  
Being a hydrogel, PVA is likely to swell in water, facili-
tating contact between the bacteria and the nanoparticles. 
The efficient multiple reuses indicate that there is little 
dissolution of the film coating or leaching of silver occur-
ring while stirring with the glass rod. This experiment 
shows the significant application potential of Ag-PVA 
film as a coating on devices that can be used to stir water 
in order to kill the bacteria in it. 
 The different experiments described above demonstrate 
the antibacterial capability of the Ag-PVA film. The  
detailed mechanism behind the bactericidal action is not 
clear at the moment. Silver nanoparticles as well as Ag+ 
ions are known to be effective bactericides40–42. Antibac-
terial activity of silver nanoparticles has been attributed 
to their deleterious impact on the cell membrane39,40. The 
bactericidal effect of Ag-PVA could result from the direct 
contact of bacteria with the nanoparticles or the interac-
tion of bacteria with the silver ions released from the 
nanoparticles. The latter possibility is supported by the 
observation of antibacterial effects of a PVA film con-
taining AgNO3, the precursor for the silver nanoparticle. 
However, it should be noted that unlike the Ag-PVA film, 
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Figure 6. AFM images of the same Ag-PVA film before and after multiple uses for 15 min each in ultra pure water inoculated 
with 105 CFU of E. coli; the number of uses is indicated. 
 
 
 
 
Figure 7. Photographs of petri plates (after 12 h incubation) spread 
with ordinary tap water: (a) 15 ml each of control sample (C) and sam-
ples treated for 5 min with the same Ag-PVA film-coated glass rod in 
multiple uses up to 21 times; the number of uses is indicated. (b) Con-
trol sample (C), and 200 and 250 ml samples treated for 5 min each 
with Ag-PVA film coated on glass rod. 
the AgNO3-PVA film is easily damaged upon a single 
bactericidal application and hence not amenable to  
repeated usage. Spectroscopy and microscopy experi-
ments suggest that the Ag-PVA films are affected ad-
versely when inserted in the LB broth with large bacterial 
content (107–108 CFU). In the case of water samples with 
relatively lower amounts of bacteria (105 CFU) the films 
are intact; the small decrease in the SPR spectral intensi-
ties suggests mild leaching of the nanoparticles. These 
observations imply that the nanoparticles within the film 
and their controlled leaching could both be involved in 
the bactericidal activity of the Ag-PVA film. Contact of 
the bacteria with the silver nanoparticles inside the Ag-
PVA film and controlled leaching of the nanoparticles or 
silver ions could be facilitated by the hydrogel character 
of PVA and its swelling in the aqueous medium45. Further 
experiments and optimization of the PVA film matrix are 
needed to improve the efficacy of the thin film bacteri-
cidal agent and to draw deeper insights into the mecha-
nism of action involved. 
 Several unique features of the in situ synthesized Ag-
PVA films make them superior bactericidal agents of  
interest in various applications, including water purifica-
tion. As the nanoparticles are generated inside the film 
rather than physically incorporated, problems of inhomo-
geneous distribution and leaching are minimal. The poly-
meric nature and the specific fabrication method make the 
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thin film bactericidal agent highly adaptable for applica-
tions as coatings on a variety of surfaces. The antibacte-
rial effect can be realized by simple stirring or even static 
contact, without employing forced flow or filtration. 
Convenience of carrying out spectroscopic and micro-
scopic studies of the thin film through its usage cycles is 
particularly relevant for detailed investigations of the ba-
sis of the bactericidal efficacy. 
Conclusion 
The Ag-PVA film fabricated through a simple and facile 
in situ generation protocol, is shown to be an efficient 
bactericidal agent. Specifically its application in water 
purification is demonstrated. The major advantages are 
the extensive reusability of the film and the feasibility of 
monitoring the agent between multiple uses. Amenability 
of the material to fabrication as a coating on different  
surfaces is likely to enhance its application potential.  
The low cost and the feasibility of synthesizing the nano-
composite thin film even in a domestic environment 
makes it attractive, especially for applications in a rural 
scenario. 
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